The oviduct serves as a site for the fertilization of the ovum and the transport of the conceptus down to the uterus for implantation. In this study, we investigated the presence of adrenomedullin (ADM) and its receptor component proteins in the pig oviduct. The effect of ADM on oviductal secretion, the specific receptor, and the mechanisms involved were also investigated. The presence of ADM and its receptor component proteins in the pig oviduct were confirmed using immunostaining. Short-circuit current (I sc ) technique was employed to study chloride ion secretion in the oviductal epithelium. ADM increased I sc through cAMP-and calcium-activated chloride channels, and this effect could be inhibited by the CGRP receptor antagonist, hCGRP8-37. In contrast, the nitric oxide synthase inhibitor, L-NG-nitroarginine methyl ester (L-NAME), could not block the effect of ADM on I sc . In summary, ADM may increase oviductal fluid secretion via chloride secretion independent of the nitric oxide pathway for the transport of sperm and the conceptus.
INTRODUCTION
The oviduct is the site for fertilization of the ovum and transport of sperm and the conceptus. Tubal fluid secreted by the oviductal epithelial cells provides a suitable environment for these processes. However, the dysregulation of the fluid formation may occur in some pathological conditions such as pelvic inflammation, leading to infertility. Fluid formation is driven by active ion transport across the epithelial layers.
Oviductal fluid secretion is directly associated with chloride channels in both the rabbit oviduct [1] and the human oviduct [2] . The activation of the chloride channel is predominantly through the calcium-activated Cl À channel and the cAMPactivated cystic fibrosis transmembrane conductance regulator (CFTR) Cl À channels [3] . Potassium channels are also known to drive ATP-activated chloride secretion in the bovine oviduct [4] .
Adrenomedullin (ADM) is a ubiquitous peptide belonging to the calcitonin family and has been shown to increase cellular production of cAMP and nitric oxide after binding to its receptor [5] . ADM can bind to calcitonin gene-related peptide (CGRP) and ADM receptors, which are formed by the calcitonin receptor-like receptor (CALCRL) and receptor activity-modifying proteins (RAMPs). Coexpression of CALCRL and RAMP1 leads to formation of a CGRP receptor, whereas coexpression with RAMP2 or RAMP3 results in the ADM1/ADM2 receptor [6] .
In both the rat and human oviducts, ADM increases the ciliary beat frequency and oviductal contraction [7, 8] for the transport of the conceptus. Although oviductal secretion may also play an important role in this transport, to our knowledge the effect of ADM on fluid secretion from the oviductal epithelium has not been investigated. A previous study showed that ADM increased short-circuit current (I sc ) and anion transport in the rat epididymis [9] and the ventral and dorsal prostates through the chloride channels (Liao et al., unpublished data), suggesting that ADM may be involved in regulating the oviductal fluid secretion. In the present study, we have investigated the effect of ADM on changes in the I sc in the pig oviductal epithelia and the specific receptor involved. Whether this effect was mediated through the chloride channel and the nitric oxide pathway was also studied.
MATERIALS AND METHODS

Animals
Oviducts were collected from 14 pigs (age, 3-4 mo) from the Department of Surgery, Li Ka Shing Faculty of Medicine, University of Hong Kong. All the pigs used were at estrus, because only specimens obtained at estrus were large enough for the study. All procedures were approved by the Committee on the Use of Live Animals for Teaching and Research, University of Hong Kong, and were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (National Academy of Science).
Immunostaining of ADM in the Pig Oviduct
Details of the immunostaining procedure for ADM have been reported previously [10, 11] . The pig oviduct was fixed in 10% neutral buffered formalin for 48 h. The tissues were embedded in paraffin and sectioned (section thickness, 5 lm). The sections were dewaxed and then immersed in 3% H 2 O 2 in methanol for 30 min. After washing and heat-inactivation in boiling citrate buffer (pH 6.0), the sections were blocked with serum for 1 h at room temperature. They were then incubated overnight at 48C with polyclonal ADM(1-52) antibody (rabbit; Phoenix Pharmaceuticals, Inc.) or CALCRL or RAMP antisera (rabbit; Santa Cruz Biotechnology, Inc.) at 1:1000 dilution in the blocking reagent. After washing, 1:200 goat anti-rabbit biotinylated secondary antibody was added and incubated for 30 min This was followed by washing and incubation with a preformed AB enzyme reagent (containing avidin and biotinylated horseradish peroxidase) for a further 30 min. After washing, the slides were developed with a peroxidase substrate and diaminobenzidine (DAB) reagent for 30 sec to 10 min. The biotinylated secondary antibody, the AB enzyme reagent, the peroxide substrate, and the DAB were all provided in a rabbit ABC Staining System (sc-2018) supplied by Santa Cruz Biotechnology, Inc.
Measurement of I sc in the Pig Oviduct
Pig oviducts were dissected out and rinsed in Krebs solution (115 mM NaCl, 4.7 mM KCl, 1 mM MgSO 4 , 15 mM NaHCO 3 , 1.2 mM NaH 2 PO 4 , 10.5 mM glucose, and 1.6 mM CaCl 2 ; pH 7.3). The I sc (the current needed to nullify the endogenous current) of oviduct segments was measured in an Ussing chamber at 378C in a medium gassed with 95% O 2 /5% CO 2 as described previously [9] . Four to six strips were obtained from each oviduct and were distributed among different treatment groups. In brief, the oviductal tissue was mounted on the silicon ring with a 0.2-cm 2 area and clamped vertically between two halves of the Ussing chamber. The tissue was short circuited with the transepithelial potential difference clamped at zero by a voltage-clamp amplifier (DVC-1000; World Precision Instruments). After the I sc readings were stable for 5 min, ADM (100, 200, or 500 nM) was added to the apical side of the tissue, and the change in I sc was recorded. ADM added to the basolateral side had no effect. Because a stimulatory effect was obtained only with 500 nM ADM, this dose was used in all subsequent studies. To study the receptors involved, the tissue was preincubated with the receptor antagonists hCGRP8-37 and hADM22-52 (both 5 lM) for 2 min before the addition of 500 nM ADM. Forskolin (FSK), an adenylyl cyclase activator, was added at the end of the experiment as a positive control. In a separate study, diphenylamine-2,2 0 -dicarboxylic acid (DPC; a nonspecific chloride channel blocker, 100 lM), L-NG-nitroarginine methyl ester (L-NAME; a nitric oxide synthase inhibitor, 100lM), nifedipine (a calcium channel blocker, 5 lM), or KT5720 (a protein kinase A [PKA] inhibitor, 1 lM) (all from Sigma Aldrich) was added to the chamber before ADM treatment.
Statistics
Data are shown as the mean 6 SEM. All results were analyzed using oneway ANOVA and the Kruskal-Wallis test. A P-value of less than 0.05 was taken to indicate statistical significance.
RESULTS
ADM and Its Receptor Were Localized in the Pig Oviductal Epithelium
Using the immunostaining method, we confirmed that the expression of ADM was localized in the epithelial cells of the pig oviduct (Fig. 1) . The staining of the proteins CALCRL, RAMP1, and RAMP2 was also localized in the epithelial cells.
ADM Increased I sc in the Pig Oviduct
The basal I sc was 19.8 6 1.6 lA/cm 2 . In the dose-response study, ADM at 500 nM significantly increased the absolute I sc by approximately 2.5 6 1.2 lA/cm 2 , which is equivalent to 17% 6 2% (P , 0.05) (Fig. 2) . Addition of FSK caused a sharp increase in the I sc .
Increased I sc of ADM Was Reduced by the CGRP Receptor Antagonist and Chloride Channel Blocker, not by l-NAME The stimulation of the I sc induced by ADM at 500 nM was approximately 16% and was greatly reduced by preincubation with the CGRP receptor antagonist, hCGRP8-37, but not by the ADM receptor antagonist, hADM22-52 (Fig. 3) . The addition of DPC, a chloride channel blocker, significantly decreased the basal I sc level (by 34%) and also effectively blocked the ADMstimulated increase in I sc (Fig. 4, C, E, and F) . Preincubation with L-NAME decreased the basal I sc (by ;17.2%) but did not decrease the stimulatory effect of ADM (L-NAMEþADM vs. L-NAME, P , 0.05) (Fig. 4, D, E, and F) .
Increased I sc of ADM Was Reduced by PKA Inhibitor and Calcium Channel Blocker
To investigate whether ADM stimulated the cAMPactivated channel or calcium channel-activated chloride channel, we preincubated the pig oviduct with PKA inhibitor, KT5720, and a calcium blocker, nifedipine (Fig. 5) . KT5720 decreased the basal I sc by 7.1%, whereas nifedipine decreased the basal I sc by 21.4%. The stimulatory effects of ADM in the presence of KT5720 and nifedipine were 8.2% and 8.7%, respectively (Fig. 5F ). The increase in I sc induced by FSK was also reduced.
DISCUSSION
We have confirmed the presence of ADM, its receptor CALCRL, and two activity-modifying proteins, RAMP1 and RAMP2, in the pig oviductal epithelial cells using the immunostaining method. ADM stimulated the I sc via the CGRP receptor, not the ADM receptor. ADM may play a role in the ion transport through the oviductal epithelium similar to previous reports of ADM in the ion transport in other reproductive organs, such as the rat epididymis [9] and prostate (Liao et al., unpublished data).
Our data also showed that DPC, a nonspecific chloride channel blocker, effectively blocked the ADM-stimulated I sc , suggesting that ADM may stimulate the Cl À transport across the oviductal epithelium. This effect of ADM may be mediated by the cAMP-activated chloride channel as well as the calcium channel-activated chloride channel, because it was attenuated by both KT5720, a PKA inhibitor, and nifedipine, a calcium channel blocker (Fig. 5) . This calcium-activated chloride channel has been found in the mouse oviduct [12, 13] and the bovine oviduct [3] , On the other hand, the cAMP-activated calcium channel may be the CFTR, which has been reported in the rat oviductal epithelium [14] and in both the mouse [13] and pig [15] oviducts. Agents increasing intracellular cAMP as well as cAMP itself have been reported to increase the ion transport in the bovine [3] , rabbit [16] , and mouse [13] oviducts as well as in human fallopian tube epithelial cells [17] . Our results on FSK-induced increase in I sc also indicate that cAMP increases rather than decreases I sc , in contrast to the suggestion of Leese et al. [18] that cAMP is inhibitory to fluid secretion in the oviduct. The finding was also in agreement with that by Leung et al. [13] of a dual control of oviductal chloride secretion by cAMP-mediated and calcium-mediated pathways. The study using L-NAME indicates that the nitric oxide pathway is not involved in the stimulatory effect of ADM but that nitric oxide is stimulatory to I sc .
The experiment using DPC, KT5720, nifedipine, and L-NAME also indicates that the basal I sc is mostly dependent on the calcium-activated chloride channel and other ion channels regulated by the nitric oxide pathway (Figs. 4E and 5E ). The LIAO ET AL. ADRENOMEDULLIN AND CHLORIDE SECRETION small effect of blocking PKA (Fig. 5F ) suggests the cAMPactivated chloride channel is not as important in basal I sc , although it may be important for the response to ADM.
If ADM has a similar effect on the human oviduct, it may have some clinical significance. Fluid secretion by the oviductal epithelium is important in that too little fluid may hamper the transport of sperm and the conceptus. We previously reported a deficiency in ADM production in the oviduct of patients with ectopic tubal pregnancy [8] , and the decrease in fluid secretion may be an addition risk factor besides the decreases in ciliary contraction and muscle contraction [8] . Furthermore, chloride ions in the oviductal fluid may be useful in providing a suitable environment for some key reproductive events and early embryonic development [3] .
In conclusion, ADM may be involved in the modulation of fluid formation and secretion in the pig oviduct through the cAMP-activated and calcium-activated chloride channels for the subsequent fertilization of the ovum and early embryonic development. LIAO ET AL.
FIG. 4.
Effects of DPC and L-NAME on the stimulatory effect of 500 nM ADM on I sc . A) Control. B) After 500 nM ADM. C) DPC decreased I sc , and ADM did not increase I sc after DPC. D) L-NAME decreased I sc , but ADM still increased I sc after L-NAME. E) I sc relative to control. F) DPC plus ADM and L-NAME plus ADM expressed as percentage change of DPC or L-NAME, respectively. Others are expressed as percentage change of basal level. Data are presented as the mean 6 SEM (n ¼ 4). *P , 0.05, **P , 0.01, ADM versus control; # P , 0.01, DPC or L-NAME versus control; þ P , 0.05, L-NAME plus ADM versus L-NAME; Kruskal-Wallis test.
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FIG. 5. Effects of KT5720 and nifedipine on the stimulatory effect of 500 nM ADM on I sc . A) Control. B) After 500 nM ADM. C and D) Both KT5200 (C) and nifedipine (D) decreased I sc , but ADM still increased I sc after KT5200 (C) or nifedipine (D). E) I sc relative to control. F) KT5720 plus ADM and nifedipine plus ADM expressed as percentage change of KT5720 or nifedipine, respectively. Others are expressed as percentage change of basal level. Data are presented as the mean 6 SEM (n ¼ 4). *P , 0.05, **P , 0.01, ADM versus control; # P , 0.05, KT5720 versus control; ## P , 0.01, nifedipine versus control; þ P , 0.05, KT5720 plus ADM versus KT5720, nifedipine plus ADM versus nifedipine; Kruskal-Wallis test.
